The U4/U6.U5 triple small nuclear ribonucleoprotein (tri-snRNP) is a major spliceosome building block. We obtained a three-dimensional structure of the 1.8-megadalton human tri-snRNP at a resolution of 7 angstroms using single-particle cryo-electron microscopy (cryo-EM). We fit all known high-resolution structures of tri-snRNP components into the EM density map and validated them by protein cross-linking. Our model reveals how the spatial organization of Brr2 RNA helicase prevents premature U4/U6 RNA unwinding in isolated human tri-snRNPs and how the ubiquitin C-terminal hydrolase-like protein Sad1 likely tethers the helicase Brr2 to its preactivation position. Comparison of our model with cryo-EM three-dimensional structures of the Saccharomyces cerevisiae tri-snRNP and Schizosaccharomyces pombe spliceosome indicates that Brr2 undergoes a marked conformational change during spliceosome activation, and that the scaffolding protein Prp8 is also rearranged to accommodate the spliceosome's catalytic RNA network.
The U4/U6.U5 triple small nuclear ribonucleoprotein (tri-snRNP) is a major spliceosome building block. We obtained a three-dimensional structure of the 1.8-megadalton human tri-snRNP at a resolution of 7 angstroms using single-particle cryo-electron microscopy (cryo-EM). We fit all known high-resolution structures of tri-snRNP components into the EM density map and validated them by protein cross-linking. Our model reveals how the spatial organization of Brr2 RNA helicase prevents premature U4/U6 RNA unwinding in isolated human tri-snRNPs and how the ubiquitin C-terminal hydrolase-like protein Sad1 likely tethers the helicase Brr2 to its preactivation position. Comparison of our model with cryo-EM three-dimensional structures of the Saccharomyces cerevisiae tri-snRNP and Schizosaccharomyces pombe spliceosome indicates that Brr2 undergoes a marked conformational change during spliceosome activation, and that the scaffolding protein Prp8 is also rearranged to accommodate the spliceosome's catalytic RNA network.
T he spliceosome is formed stepwise by recruitment of the U1 and U2 snRNPs (small nuclear ribonucleoproteins) and the U4/U6.U5 tri-snRNP, plus numerous other proteins, to the pre-mRNA (1) . Initially, U1 and U2 interact with the pre-mRNA's 5′ splice site (SS) and branch site (BS), respectively, generating the A complex. The tri-snRNP then joins, leading to formation of the precatalytic spliceosomal B complex. Subsequent catalytic activation of the spliceosome involves major structural rearrangements of multiple tri-snRNP components (1) . The 1.8-MDa tri-snRNP is the largest preformed building block of the human spliceosome. It contains three snRNA molecules (U4, U6, and U5), two heteroheptameric rings of Sm proteins bound to the U4 and U5 snRNAs' 3′-terminal Sm sites, the LSm ring bound to the 3′ end of U6 snRNA, plus 16 additional proteins (1) (fig. S1 ). In the trisnRNP and B complex, U4 and U6 snRNA are extensively base-paired. During activation, the U4/ U6 duplex is disrupted and a highly structured RNA interaction network forms among the U2, U6, and U5 snRNAs and the pre-mRNA, generating the spliceosome's catalytic RNA core (2, 3) . Three large U5 proteins-Prp8, the RNA helicase Brr2, and the guanosine triphosphatase (GTPase) Snu114-play key roles during catalytic activation. Prp8 is a major scaffolding protein that interacts with Brr2 and Snu114 (4) and all reactive sites of the intron (5′SS, 3′SS, and BS) and is thus located at the heart of the spliceosome's catalytic core (5, 6) . Brr2 unwinds the U4/U6 snRNA helices and is the major driving force for catalytic activation (7, 8) . However, as Brr2 and its RNA substrate are present in the tri-snRNP and precatalytic B complex, a mechanism must exist to prevent premature dissociation of the U4/U6 helices by Brr2.
Here, we report a 3D cryo-electron microscopy (cryo-EM) structure of the human tri-snRNP at a resolution of 7 Å and resolve its spatial organization with the aid of protein cross-linking. Comparison with the recently reported cryo-EM structure of the yeast tri-snRNP (9) reveals unexpected, large differences in the position of the helicase Brr2, including its position relative to its RNA substrate, the U4/U6 duplex. Our model also reveals the nature of tri-snRNP rearrangements that must occur during spliceosome maturation, including a major conformational change within the Prp8 protein, which adopts an open conformation in the human tri-snRNP and a closed one in the Schizosaccharomyces pombe spliceosome at late stages of splicing (10) .
Structure determination and model building
Human tri-snRNPs were affinity-purified from HeLa nuclear extract and prepared for cryo-EM by a modification of the GraFix protocol involving chemical cross-linking of the particles ( fig. S1B) (11) .
The 3D structure was determined from~141,000 particle images after several steps of computational sorting, starting with an initial data set of 1,150,000 selected particle images ( fig. S2 ). The calculated 3D structure of the tri-snRNP was determined at a final overall resolution of 7 Å with better-resolved parts in the center and somewhat lower-resolution areas in the U4/U6 part of the structure ( fig. S3) . Overall, the structure is entirely consistent with an earlier, lower-resolution 3D structure (12) showing the tri-snRNP as a roughly tetrahedral particle with dimensions of approximately 300 Å × 200 Å × 175 Å (Fig. 1) . At this resolution, structured protein domains and doublestranded RNA (dsRNA) elements can be identified clearly, allowing us to fit known x-ray structures or homology models of structured regions of trisnRNP components into the EM density map (see table S1 for details regarding how proteins were fit into the EM density map). Additionally, we performed chemical protein cross-linking of purified tri-snRNPs together with mass spectrometry (CX-MS) (table S2). These data allowed us to validate the locations of large tri-snRNP proteins and facilitated docking of smaller proteins. Although we could place all snRNAs and structured protein domains in the EM density map in a manner consistent with our protein cross-linking data,~30% of the calculated stoichiometric mass of human tri-snRNP proteins are very likely intrinsically unstructured regions that could not be localized (table S1).
Structural organization of the U5 Sm core and the U4/U6 snRNP The helical regions of U4/U6 and U5 snRNA allowed their unambiguous placement in the EM density map (Fig. 1) . The U5 Sm core is located at the lower tip of the tri-snRNP, with the 5′-terminal m 3 G cap of U5 snRNA positioned close to it, whereas U5 loop 1 is located more centrally and stems 1b and 1c are coaxially stacked (Fig.  1B) . The U4/U6 snRNAs are located in the upper, broader region of the human tri-snRNP. Their dsRNA regions are connected by a three-way junction and are located in a deeper, solventaccessible cleft. The difference in length of U4/ U6 stems I and II and the clearly visible three-way junction define the orientation of U4/U6 snRNA in the model and indicate coaxial stacking of stems I and II (Fig. 1) . The U4/U6 snRNAs also define the positions of the U4 Sm and U6 LSm protein rings, which are found at two corners in the upper part of the tri-snRNP (Fig. 1B) .
The geometry of the U4/U6 snRNA three-way junction allowed us to fit the crystal structures of (i) the U4 snRNA 5′ stem-loop in complex with Snu13 and a large part of the U4/U6 Prp31 protein, (ii) a large part of Prp3 (Prp3-CTF) in complex with U4/U6 stem II and the U6 single-stranded 3′ overhang, (iii) the WD40 domain of the Prp3-associated Prp4 protein, and (iv) the cyclophilin H (CypH) protein into nearby density elements ( Fig. 2A) . The position of the various U4/U6 proteins was confirmed by protein-protein cross-linking ( fig. S4 ). There is an overall similarity in the organization of U4/U6 proteins in human and yeast tri-snRNPs, with differences in the architectural details of some proteins ( fig. S5 ) (see below).
The Prp6 protein contains 19 tetratrico repeats (TPRs) in its C-terminal region and is required for stable tri-snRNP formation (13, 14) . Consistent with this, Prp6 forms a bridge across a deep cleft at the top of the tri-snRNP that connects the U4/ U6 and U5 snRNPs (Fig. 2B ). This is supported by numerous cross-links, whereby Prp6's N-terminal and C-terminal TPRs exclusively form cross-links to U5 and U4/U6 proteins, respectively. Consistent with intramolecular cross-links between TPR 19 SCIENCE sciencemag.org 25 and TPRs 9 to 13 ( fig. S4 ), the C-terminal TPRs fit as a circularly arranged ensemble into a large ringlike density that is connected to U4/U6 proteins (Fig. 2B) .
The architecture of Snu114 and Prp8
Aside from its 115-residue N-terminal domain, the 116-kDa Snu114 protein is highly homologous to ribosomal elongation factor EF-2/EF-G (15), and we could fit domains D1 to D5 of Snu114 into the lower part of the tri-snRNP, with D1 and D2 located closer to the U5 Sm core and D3 to D5 located more centrally (Fig. 3A) . Thus, in the isolated human tri-snRNP, Snu114 adopts a compact form similar to the compact structure of EF-2 ( fig. S6) (16) .
The crystal structure of a large fragment of yeast Prp8 (~110 kDa) containing a reverse transcriptase (RT)-like domain, connected through a linker region to a restriction endonuclease (En)-like domain, fits into a central density element at the base of the upper part of the tri-snRNP; the En domain points outward and is positioned below the U4 Sm core (Fig. 3A ). Prp8's C-terminal RNase H (RH)-like domain could be docked into a density element located just above the linker region of the RT/En domain (Fig. 3A) , and its orientation was confirmed by cross-linking (tables S1 and S2). The architecture of Prp8's RT/En domain and its position are essentially the same in the human and yeast tri-snRNP models, whereas Prp8's RH domain is rotated by~180°in yeast relative to human ( fig. S7) (9) .
In the S. pombe spliceosome, Prp8's N-terminal 800 amino acids consist of two domains, henceforth termed NTD1 and NTD2, that contain mainly a helices and are separated by a short linker region, termed NTDL (Fig. 3A) (10) . The larger NTD1 structure fits into a density element in the lower part of the tri-snRNP model and has a substantial interface with Snu114 and also contacts stem1 of U5 snRNA (Fig. 3A) (see below) . Consistent with our cross-linking data, the smaller NTD2 is located more toward the U4/U6 three-way junction and interacts with Prp8's RT domain (Fig. 3B  and fig. S8A ). The crystal structure of Dim1 fits into a density element between NTD1 and NTD2 (Fig. 3B) , a position supported by cross-linking ( fig. S8A ). The overall structure of Prp8's NTD1 and Snu114 is similar in the human tri-snRNP and S. pombe spliceosome, including the lassolike protrusion of NTD1 that interacts with Snu114's D1 domain in a similar manner in both complexes ( fig. S8B) (10) . Guided by multiple cross-links of the RecA2 domain of the Prp28 helicase to Prp8's NTD1 and RT/En domains ( fig. S8A ), we could fit the crystal structure of the two RecA domains into nearby density elements (Fig. 3C) . Prp28, which is not present in isolated Saccharomyces cerevisiae tri-snRNPs, exists in an open (inactive) conformation, very similar to its conformation in the crystal structure of isolated Prp28 (17, 18) . Finally, we could place the WD40 domain of U5-40K, which is conserved in S. pombe but not S. cerevisiae, into a density element close to U5's ILS1 ( fig. S8C )-a position where it is also found in the S. pombe spliceosome (10).
Brr2 helicase is found at very different positions in human and yeast tri-snRNPs The 245-kDa RNA helicase Brr2 contains two tandemly organized helicase cassettes, but only the N-terminal cassette (NC) actively unwinds the U4/U6 duplex during catalytic activation (19) . The C-terminal Prp8-Jab1 domain binds tightly to Brr2's active NC and regulates its helicase activity (20, 21) . The crystal structure of the complete 200-kDa helicase unit of Brr2 bound to Prp8 Jab1 fits very well, as a rigid body, into a major density element in the upper part of the tri-snRNP, near the RT end of the Prp8-RT/En domain, opposite the U4 Sm and U6 LSm rings (Fig. 4A) .
Besides this Brr2 NC-Prp8-Jab1 interaction, there appear to be at least two additional density elements connecting the helicase cassettes to other tri-snRNP proteins (Fig. 4, A to C) . The N-terminal region of Brr2 contains a noncanonical PWI domain (22) and a helical domain (23) . The PWI domain fits into the density element connecting Brr2's C-terminal cassette (CC) to Snu114 and Sad1 (Fig. 4B) , while the N-terminal helical domain (NHD) fits into a density element connecting Brr2's NC to Prp8's RH domain and to the N-terminalmost three TPR repeats of Prp6 (Fig. 4C and table  S1 ). Interestingly, Brr2's NHD is located in front of the RNA binding channel between the RecA2 and helical bundle (HB) domain of Brr2's NC (Fig.  4C) , consistent with this element acting like a plug, autoinhibiting Brr2 via substrate recognition (23). Brr2's architecture and its connections to the abovementioned proteins were confirmed by a network of cross-links between Brr2's NHD and NC/CC domains, and between these domains and the Prp8's RH and Jab1 domains, as well as Prp6's N-terminal TPRs ( fig. S9) , and additionally between Brr2's PWI and CC domains and the Snu114 and Sad1 proteins ( fig. S10) .
Strikingly, Brr2 is located at radically different positions in the human and yeast tri-snRNP models (Fig. 4D) . Human (h)Brr2 (bound to hPrp8 Jab1) is located close to the N-terminal TPR repeats of Prp6 and Prp8's RT end, and its general position in the tri-snRNP is not dependent on the use of a chemical cross-linking reagent during EM sample preparation ( fig. S11 ). In contrast, yeast (y)Brr2 (bound to the yPrp8 Jab1 domain) is found near yPrp8's En domain, which is~20 nm away from the position of hBrr2. In addition, it is rotated bỹ 180°around the long axis of the tri-snRNP (Fig.  4D and fig. S12 ). In the yeast model, yBrr2 appears to be connected to the tri-snRNP primarily via the yPrp8 Jab1 domain (which contacts the tip of yPrp8's EN domain) and the U4 Sm core (Fig. 4D  and fig. S12 ) (9) . Unfortunately, because of the less well-defined density at the interface between yBrr2 and other tri-snRNP proteins, the locations of yBrr2's N-terminal PWI and helical domains cannot be identified in the yeast structure. Another striking difference is that the yeast U4 Sm core is located at the interface between yBrr2's helicase cassettes, and the central single-stranded region of U4 snRNA, to which Brr2 is thought to dock prior to unwinding the U4/U6 duplex ( fig. S1C ) (24) , is positioned at/near the RecA domains of the active NC of yBrr2 (Fig. 4D) (9) . In contrast, in the human tri-snRNP structure, hBrr2's active NC is located 8 to 10 nm away from its U4/U6 snRNA substrate (Fig. 4D ).
Structural basis for how Sad1 likely tethers Brr2 in a preactivation position
The very different position of Brr2 suggests either that there is a substantial difference in the spatial organization of the yeast and human tri-snRNPs, or potentially that the human and yeast structures represent two different conformational states that are obtained by rearrangements in protein architecture. Although the first possibility cannot be rigorously excluded, we consider it unlikely, as the structures of Brr2 and all other major U5 proteins are evolutionarily highly conserved between yeast and human (1, 5) . Instead, differences in the protein composition of the purified human and yeast tri-snRNPs potentially lead to different conformations. That is, in the presence of adenosine triphosphate (ATP), isolated human tri-snRNPs are stable, whereas yeast tri-snRNPs are not (9, 25, 26) . This is likely because the evolutionarily conserved Sad1 protein is stoichiometrically present in purified human tri-snRNPs (25) but is lost during purification of the yeast complex (26, 27) . Sad1 plays a key role in stabilizing the tri-snRNP, as depletion of Sad1 from yeast cell extracts leads to dissociation of the otherwise stable tri-snRNP in an ATP-and Brr2-dependent manner into a U4/ U6 di-snRNP (where U6 and U4 are still basepaired) and U5 snRNP (28) . Consistent with it contributing to tri-snRNP stability, human Sad1 is located at a strategically important position at the interface between the U4/U6 and U5 snRNPs. The Sad1 UCH domain contacts U4/U6-Prp31 and the Prp8 NTD2 and RT domains, whereas Sad1's Zf-UBP domain has a substantial interface with domains D2, D3, and D4 of Snu114 and is tightly connected to Brr2's PWI domain (Fig. 5 , table S1, and fig. S10 ). Thus, Sad1 not only potentially acts as a clamp stabilizing the interaction of U4/U6 and U5, it might also help to tether Brr2 in a preactivation position (i.e., away from the U4/U6 duplex) within the human tri-snRNP. This in turn suggests that dissociation of Sad1-as observed during activation of the human B complex (1)-might allow Brr2 to undergo a major conformational change that is required for it to interact with its U4/U6 snRNA substrate. Because Sad1 is absent from purified yeast tri-snRNPs, the very different position of Brr2 in the yeast tri-snRNP may therefore represent a conformational state similar to the one that Brr2 normally adopts at a later stage during spliceosome activation. Whereas the yeast cryo-EM model lacks density in the corresponding regions where Sad1 and Brr2 are located in the human tri-snRNP structure, the crystal structures of Sad1 and Brr2 can be docked well onto the surface of the yeast tri-snRNP at the corresponding positions ( fig. S13 ). It will be of interest to determine the 3D structure of the yeast tri-snRNP in the presence of ySad1.
Remodeling of the human tri-snRNP during spliceosome assembly and activation
The spatial architecture of the human tri-snRNP provides important insight into the function of several proteins and also reveals the likely docking site of the tri-snRNP with the spliceosomal A complex during B complex formation. That is, the 3′ end of U6 and Prp8's RH domain, which interact with U2 snRNA to form U2/U6 helix II ( fig. S1C ) and with the pre-mRNA's 5′SS, respectively, during A complex docking, are located at accessible positions at the "top" of the tri-snRNP ( fig. S14A) , consistent with the general architecture of the spliceosomal B complex previously revealed by EM (29) .
The architecture of the human tri-snRNP also indicates that several of its proteins and RNA SCIENCE sciencemag.org 25 elements must undergo major, sequential conformational changes during B complex formation and spliceosome activation. One major rearrangement concerns Prp28, which catalyzes the transfer of the 5′SS from U1 to the ACAGA box of U6 snRNA. As this likely occurs at the Prp8 RH domain (30) , Prp28 must move from its outward position through the cleft between Brr2 and the U4 Sm domain toward the RH domain ( fig.  S14A ). In fact, the Prp28 "stalk" appears to be intrinsically flexible and undergoes movements within the isolated tri-snRNP consistent with this proposed rearrangement (31) . For catalytic activation of the spliceosome, Brr2's NC and the U4/U6 duplex must be juxtaposed. This could be achieved by movement of Brr2's helicase domain across the cleft between Brr2 and the U4 Sm core toward the U4/U6 snRNAs ( fig. S14A) .
Additionally, Prp8 appears to undergo a substantial structural change during spliceosome activation. That is, whereas the overall structure of Prp8's large N-terminal NTD1 domain is similar in the human tri-snRNP and S. pombe spliceosome models, the RT/En domain adopts a clearly different position in both complexes (figs. S14B and S15) (10) . In the tri-snRNP it points upward, whereby the tip of the En domain is~5 nm away from NTD1, resulting in an open conformation. In contrast, in the S. pombe spliceosome, Prp8 adopts a closed conformation where the En domain interacts closely with NTD1 (figs. S14B and S15). As the overall structure of the RT/En domain does not change, Prp8 achieves the closed conformation by a downward movement of the RT/En domain, whereby the pivoting point appears to be located at the interface between the RT and NTD1 domains (figs. S14B and S15A). The position of Prp8's RH domain undergoes a similar downward shift ( fig. S14B ). This structural change within Prp8 is required to create the pocket into which the rearranged catalytic U2/U6 RNA network and U5 snRNA loop 1 are docked in the S. pombe spliceosome ( fig. S15 , B and C) (32) . Interestingly, the U5 snRNA loop 1, which also interacts with the 3′ end of the pre-mRNA's 5′ exon in the activated spliceosome (33) , is already located in the trisnRNP near Prp8's emerging active-site region, and thus it must not be substantially repositioned (fig. S14B) .
The aforementioned rearrangements can only occur when several proteins are displaced concomitantly from their positions in the tri-snRNP. For example, in the tri-snRNP, Dim1 is located in the same area where the center of the U2/U6 catalytic RNA network is found in the S. pombe spliceosome ( fig. S15 , B and C) (32) . Possibly Dim1 and the RecA2 domain of Prp28, which are both located between Prp8's RT/En and NTD domains ( fig. S15B) , may stabilize the open conformation of Prp8 in the tri-snRNP. Prp31, Prp3, and Prp4 must also be displaced from the U4 and/or U6 snRNAs. Indeed, except for Prp8, all of these proteins, plus Sad1 and Prp6, are displaced from the spliceosome during activation (1). How these multiple rearrangements are orchestrated is currently not clear. Snu114 has been implicated in the activation process (34) , and if it should undergo a conformational switch from a compact to an elongated state, similar to EF-2/EF-G in the ribosome during translocation (16, 35, 36) , several coordinated movements of other tri-snRNP proteins would result (figs. S6 and S14A). For example, Brr2's PWI domain, which (together with Brr2's NHD) provides major contact points between Brr2 and other U5 proteins as well as Sad1, would likely be destabilized; this could potentially facilitate movement of Brr2 toward U4/U6. The elucidation of the structural dynamics of the various events that take place during spliceosome activation will require numerous cryo-EM "snapshots" of the spliceosome during its multistep assembly pathway.
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